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Abstract

Selenium is an essential nutrient for humans, animals and microorganisms, but it becomes toxic at concentrations
slightly above the nutritional levels. This naturally occurring trace element can be released to the environment
from various anthropogenic sources such as mining, agricultural, petrochemical and industrial processes and its
toxicity is developed along a complex cycle involving adsorption by soil components and subsequent
accumulation by plants. In the environment, selenium can occur in several oxidation states ranging from selenide
(Se) to elemental selenium (Se’), selenite (Se*") and selenate (Se®"). Selenium contents above 900 ppm were
recently assigned in mine wastes from the sulphur factory at the Sio Domingos exhausted pyrite mine exploited in
the Iberian Pyrite Belt (south Portugal) since Roman times until 1966. Aiming at a sustainable remediation of this
mining site, an X-ray absorption spectroscopy study using synchrotron radiation, combined with X-ray diffraction,
was undertaken to clarify the speciation state of selenium and the nature of Se-carrier phase(s). The results show
that selenium does not significantly replace sulphur under the form of selenate in the dominant sulphate phases and
occasionally remains as a substituting selenide anion in debris of the original sulphides present in the mine waste
materials.
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1. Introduction

Mine wastes configure nowadays two quite opposite interests since they represent simultaneously an
environ-mental concern due to the presence of hazardous metals and other toxic elements, plus a potential mineral
resource when they are the object of a sustainable recovery of economically valuable metals.

The increased demand of some scarce metals observed in the last decade has intensified the search for their
recuperation from mine wastes and residual exploitation materials, thus enhancing the need for a full
comprehension of the way these metals are incorporated. A successful accomplishment of this task requires the use
of advanced X-ray absorption methodologies, as exemplified by a recent study on mining debris of the exhausted
centennial Iberian Pyrite Belt (IPB) mine of Sdo Domingos in southeast Portugal (Alvarez-Valero et al., 2008) to
assess the binding state of a very scarce metal, rhenium (Figueiredo et al., 2014). The actual interest in exploring
mining residues plus industrial wastes derived from former ore deposits processing plants was clearly highlighted
in the context of the recently concluded EU research project, ProMine (Nano-particle products from new mineral
resources in Europe, FP7-NMP-2008-LARGE-2, 228559).

Selenium is known for its toxicity (Lenz & Lens, 2009), developed along a complex cycle involving adsorption by
soil components clays and iron-rich particulate minerals (Hayes et al., 1987; Peak & Sparks, 2002; Scheinost &
Charlet, 2003) and subsequent accumulation by plants (Ellis & Salt, 2003); as a component of radioactive wastes,
it also configures a concern through the isotope "’Se (Ashworth & Shaw, 2006). Aside these apprehensions,

22



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 4; 2014

selenium may contribute in a positive way to moderate the toxicity of hazardous metals like mercury (Sermo et al.,
2011), being simultaneously recognized as an essential nutrient for animals, humans and microorganisms.

Resembling sulphur in many of its properties, small concentrations of Se commonly replace S in sulphide ore
minerals and natural sulphates. In the ground state, it has an electronic configuration [Ar] 34" 4s*4p*, and occurs
as an element (Se”) under several allotropic forms, either amorphous (vitreous black selenium) or crystalline —
red-coloured monoclinic o, B and y forms, with Se® rings similar to S*, and a metallic hexagonal gray form with
helical polymeric chains (Minaev, Timoshenkov & Kalugin, 2005). In the natural environment, various oxidation
states are common beyond elemental selenium: reduced, selenide (Se”) plus [(Se—Se) ] species forming diselenide
(Sey)) anions; and oxidized forms — (Se*") and (Se®") cations combined with oxygen to form divalent anions,
selenite [Se™0;] and selenate [Se' O4], where & stands for pyramidal and t for tetrahedral coordination. The most
soluble Se species is the selenate, readily taken up by plants and leached through the soil profile, and all the quoted
species can be identified through X-ray absorption spectroscopy in mine waste materials (Ryser et al., 2005).

Selenium was recently quantified in mining debris and waste materials from the Sdo Domingos mine, exploited
since Antiquity until 1966, and determined contents attained 900 ppm (Batista et al. 2011), thus rising a special
interest about the speciation state(s) of selenium in so heterogeneous materials. In fact, Se-carrier phase(s) could
be either oxygen-rich compounds resulting from the ore processing at the old sulphur factory or remains of former
chalcogenide ore minerals. An X-ray absorption spectroscopy study using synchrotron radiation, combined with a
phase characterization of the irradiated material by X- ray diffraction, was carried out to clarify the speciation of
selenium.

2. Materials and Methods
2.1 Studied Materials

Wastes and debris from the exhausted Sdo Domingos mine, deposited near the old sulphur factory at Achada do
Gamo, were drilled within the frame of the already mentioned ProMine EU-FP7 research project. Following a
laboratory qualitative assay to certify the presence of selenium by wavelength dispersive X-ray fluorescence
(WDS-XRF), three samples were selected for the spectroscopic study (references 3-3, 3-4 and 3-5, Figure 1).

Figure 1. Samples from the profile of milled pyrite ore and processed materials drilled at Achada do Gamo in the
Sdo Domingos mine area

The results of chemical analysis of the sampled waste materials are summarized in Table 1. Worth remarking is the
colour variation of studied samples, ranging from yellowish (3-5) through light gray (3-4) to faintly-rose

(3-3) as a result of the variable mineralogical constitution, coupled with the redox state of iron — an element well
represented in the drilled materials.
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Table 1. Concentrations of some significant elements in the waste samples taken from Sdo Domingos mine
(ACTLABS analyses, ProMine Project)

Analyte symbol Fe Ca S Cu Zn As Sb Se
Unit symbol % % % ppm ppm ppm  ppm  ppm
Detection limit - 0.01 0.01 1 1 - - -
Analysis method INAA TD-ICP TD-ICP TD-ICP TD-ICP INAA INAA INAA
Sample 3-5 9.45 2.52 6.0 1400 2150 17100 3560 507
Sample 3-4 2.76 2.64 9.48 297 190 14400 7780 738
Sample 3-3 2.81 1.66 8.5 190 395 7200 5700 937

Analytical methods: INAA, Instrumental Neutron Activation Analysis; TD-ICP, Total Digestion Inductively
Coupled Plasma Mass Spectrometry. The concentrations of Pb, Bi and Sn (as accessed by ICP-MS) are
respectively above 5000, 2000 and 200 ppm (Batista et al., 2011) in the studied samples.

Museum specimens of paraguanajuatite/guanajuatite [Biy(Se,S);] from Guanajuato (Mexico) and of Se-rich galena
[Pb(S,Se)] from Derbyshire/England were used as model minerals to collect standard XANES spectra of selenium
anions, either isolated as selenide ions [Se ] in clausthalite, PbSe (Coleman, 1959) or displaying Se-Se
interaction/binding in orthorhombic guanajuatite, isostructural with stibnite, Sb,S; (Bayliss & Nowacki, 1972) and
in trigonal paraguanajuatite (Earley, 1950).

The commercial products taken from Sigma-Aldrich (checked by X-ray diffraction in the laboratory) were used as
model Se-O compounds configuring various formal valences and geometrical coordination environments of
selenium cations: selenite in Na,SeOs with Se** cations in pyramidal coordination by oxygen anions (Wickleder,
2002) and selenate in Na,SeO, with Se®" cations assuming a tetrahedral coordination (Fukami & Chen, 2003).

2.2 Methods and Techniques

The speciation study of selenium was carried out at the European Synchrotron Radiation Facility (ESRF, in
Grenoble/France) by applying X-ray absorption spectroscopy at beamline BM-25A, SpLine (Rubio-Zuarzo &
Castro, 2009).

X-ray absorption near-edge spectra (XANES) were collected at the Se K-edge (nominally at 12658 eV for
elemental selenium (Ravel & Newville, 2005) in fluorescence yield (FY) mode with an energy resolution of
AE/E=1.5x10" using a 13-element Si(Li) solid-state detector and a Si(111) monochromator, by irradiating
powdered samples enclosed between two Kapton foils or, in the case of galena, a mineral fragment. Pure zinc and
zirconium metal foils were irradiated in transmission mode for energy calibration purposes.

Using the instrumental facilities available at the beamline, the phase constitution of irradiated mine waste materials
was characterized by high-resolution powder diffraction (HRPD) performed with a fixed wavelength of 0.825 A.
HRPD patterns were collected from 2° to 33° in a continuous 26-scanning mode by irradiating powdered samples
placed inside a 0.8 mm diameter capillary tube that was rotated during the exposure to synchrotron radiation.

The chemical characterization of studied mine wastes at the irradiated points was performed by X-ray fluorescence
spectrometry and the energy dispersive spectra (EDS-XRF) were evaluated using the PyMca program (Solé¢ et al.,
2007).

3. Results and Discussion
3.1 Chemistry and Phase Composition of Studied Mine Waste Samples

Sulphates are the dominant phases in the mine waste samples, according to the collected HRPD patterns (Figure 2,
with 20° values converted for the wavelength of Cu Ko radiation currently used in laboratory X-ray diffraction
experiments).
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Figure 2. X-ray diffraction patterns of powdered mine waste samples

A — anglesite, PbSO, (JCPDF card 5-577); G — gypsum, CaSO,.2H,0 (6-046); H — hematite, a-Fe,O5 (13-534);

J —jarosite, KFe3(OH)((SOy); (22-827); Q — quartz, a-SiO, (5-490).

The phase constitution varies between a dominant ferric sulphate — jarosite, KFe;(OH)g(SO,4), — with minor lead
sulphate — anglesite, PbSO4 — in sample 3-5, and major anglesite plus minor jarosite in samples 3-3 and 3-4, along
with minor hematite (a-Fe,0;); gypsum (CaSO,2H,0), was assigned in sample 3-4, responding to the slightly
higher contents of calcium and sulphur (Table 1). Actual results clearly conform to the chemical analysis of mine
waste materials (Batista et al., 2011) and to the variable colourings displayed by the studied samples.

The high lead and bismuth contents of Sdo Domingos mine wastes are evident from the collected EDS-XRF
spectra (Figure 3), that allow for a rough visual evaluation of the relative contents of other metals (iron, copper,
zinc) and non-metallic elements (selenium and arsenic), despite the low concentrations listed in Table 1.
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Figure 3. Energy dispersive X-ray fluorescence (EDS-XRF) spectra obtained for the mine waste materials
irradiated to collect the Se K-edge XANES spectra
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In order to confirm the presence of selenium in the irradiated fragment of well crystallized galena, an EDS-XRF
spectrum was collected for comparison with the corresponding spectrum obtained from the Se-richest mine waste
sample (Figure 4).
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Figure 4. EDS-XRF spectra of the Se-richest mine waste sample and galena fragment
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Following the XANES experiment, a complementary laboratorial study of this galena fragment was carried out by
X-ray diffraction using a Bragg-Brentano powder diffractometer equipped with a large anode copper tube to check
the phases present. The surface of the crystalline fragment was directly irradiated and a continuous scanning was
performed in the angular 26° region suitable to identify the possible surface oxidation phase(s) — that is, abridging
the Akl reflection of galena with highest intensity (practically coinciding with the highest intensity diffraction peak
of lead sulphate, PbSO,), and two weak reflections stemming from vestigial phases, either original — lead selenide,
the mineral clausthalite known to form an extensive solid solution with the isostructural lead sulphide (Coleman,
1959) — or oxidized. Figure 5 reproduces the obtained XRD pattern for the 26° interval 28°-33° where, along with
non-oxidized vestigial PbSe, the registered diffraction peaks clearly denote the presence of a possible lead sulphite
(or mixed lead sulphite-selenite), Indeed, PbSO; and PbSeO; are isostructural and display a monoclinic crystal
structure-type (Fisher, 1985; Pertlik & Zemann, 1985), occurring in nature, respectively as the minerals scotlandite
and molybdomenite.
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Figure 5. Results from a laboratorial X-ray diffraction study of the surface mineralogical constitution of the studied
galena fragment

3.2 X-Ray Absorption Spectroscopy Study

Se K-edge X-ray absorption spectra collected from the mine waste materials show a distinctive lay-out for sample
(3-5) comparatively to the other two samples. Selenium is extensively oxidized in the first case where jarosite is
the dominant constituting sulphate phase (see Figure 2), while the occurrence of reduced selenium is still
significant in the other two samples.

In view of clearly perceptible differences in the degree of selenium oxidation, the Se K-edge XANES spectra of the
three mine waste materials are separately compared with the spectra obtained for Se-O model compounds (a
selenite, Na,SeO;, and a selenate, Na,SeQy, in the case of sample 3-5, Figure 6) and for the model selenide
minerals (guanajuatite/paraguanajuatite, Bi,(Se;, S,);, and galena, Pb(S;..Se,), in the case of the other two
samples, Figure 7).
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Figure 6. Se K-edge XANES spectrum collected from sample 3-5 compared to the spectra obtained for selenite and
selenate model compounds showing that selenium dominant redox state is 4+ in the mine waste material, despite
the perceptible occurrence of selenide anions
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Figure 7. Se K-edge XANES spectra of samples 3-3 and 3-4 compared to the spectra obtained for the selenide
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The energy of the strong absorption maximum — the so-called white line — was highlighted along with other
spectral details to allow for an easy comparison of collected Se K-edge XANES spectra. This white line is due to
the dipole-allowed 1s—4p electron transition and its intensity rises with the increase of 4p electron vacancies. As
the outer valence electrons are removed and the redox state of selenium increases, the absorption edge energy is
therefore expected to shift towards higher values as a result of the decrease in shielding of the core s electrons.

Accordingly, the K-edge energy of selenium shifts up to almost 10 eV towards higher values with increasing
oxidation state, from selenide to selenate (Christensen, Cutler & Christensen, 2004). Repeatedly quoted values of
the white line maximum are 12653.5 eV for Se ~, 12658.0 eV for Se*", 12661.5 eV for Se®* (Pickering, Brown &
Tokunaga, 1995; Ryser et al., 2006; Scheinhost et al., 2008; Kavshnina et al., 2009; Wiramanaden, Liber &
Pickering, 2010). The result is in good agreement with the sequence of experimental values obtained for the
studied mining waste materials (Figures 6 and 7).

4. Conclusions

The absence of selenate oxyanions [SeO,] ~ in the studied Sdo Domingos mine waste samples was proven through
the analysis of Se K-edge X-ray absorption near-edge spectra by comparing with XANES data collected from
sodium selenite and selenate model compounds.

This general conclusion calls for further comments taking into account that the mining waste materials are
dominated by iron and lead sulphates (respectively, jarosite and anglesite). As already mentioned, selenium
resembles sulphur in many of its properties and Se frequently replaces S in sulphide ore minerals and natural
sulphates. Despite the occurrence of the lead double sulphate-selenate mineral olsacherite, Pb,(SO4)(SeOy)
(Hurlbut & Aristarain, 1969), the diadochic replacement of S by Se is not significant in anglesite, the same holding
for jarosite. Selenate analogs of potassium and sodium jarosites have been synthesized thirty years ago (Dutrizac,
Dinardo & Kalman, 1981), being then remarked that they evolve at lower temperatures than the corresponding
sulphates. The thermal behaviour of the synthetics may explain the nonappearance of selenium in the highest
oxidation state (Se”"), along with an expressive representation of less oxidized selenite ions [SeOs] ~ in the studied
waste materials of Sdo Domingos IPB old mine.
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